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INTRODUCTION
Anti-infective immunity has been studied extensively 

for over a century and is considered to be our body’s main 
tactic to deal with microbes. Numerous seminal concepts 
were established by studying how anti-infective immunity 
detects microbial intruders and removes them from our body. 
However, in the wake of  recent advances in high-throughput 
sequencing, it is becoming increasingly clear that interactions 
between our immune system and our resident microbial com-
munities, the microbiota, represent a distinct type of  immune 
response that differs in its goals but is complementary in its 
function to anti-infective immunity (Fig. 1).1 Initial attempts 
to describe these interactions proposed the term “acceptive 
immunity” to convey the concept that our immune system 
detects commensal microbes with the goal of  developing 
immunological tolerance, thereby giving rise to a peaceful 
coexistence.2

Yet an alternative view holds that the microbiota should 
be viewed as an additional organ that fulfills important func-
tions for human health.3 Viewing our interaction with com-
mensal microbes from this perspective suggests that host cell 
types and mechanisms involved in nourishing and shaping the 
microbiota serve an important function in maintaining our 
microbial organ.4 In turn, maintaining a balanced microbial 
community confers niche protection against pathogens or 

pathobionts, a property known as colonization resistance.5 
We propose the term “microbiota-nourishing immunity” to 
describe the part of  our immune system that balances the 
microbiota to generate colonization resistance (Fig. 1). In 
addition to host immune mechanisms that sculpt our micro-
biota,6 microbiota-nourishing immunity includes immune 
mechanisms conferring colonization resistance, an effector 
function mediated by our microbial organ. Thus, microbio-
ta-nourishing immunity contains components of  both host 
and microbial origin, which distinguishes this concept from 
acceptive immunity. Whereas the main goal of  anti-infective 
immunity is to detect and eliminate microbial intruders from 
our body, the principle objective of  microbiota-nourishing 
immunity is to balance our microbial self, thereby protecting 
the host from continuous environmental exposure to microbes 
that represent potential intruders (Fig. 2). Thus, anti-infec-
tive immunity and microbiota-nourishing immunity fulfill 
complementary functions to shield us from possible harm 
from microbial intruders. Here, we discuss the implications of 
this theory for diseases associated with an imbalance in the 
microbiota composition (dysbiosis) with a special emphasis 
on ulcerative colitis.

Epithelial Metabolism Balances the Microbiota
One of the reasons why functions contributing to 

microbiota-nourishing immunity remain poorly studied is the 
remarkable diversity in microbial taxa carriage between indi-
viduals,7 which has hampered progress in defining balance. In 
turn, in the absence of an obvious definition for microbiota 
balance, it is difficult to identify immune mechanisms main-
taining this trait in microbial communities.6 The germ-organ 
theory overcomes this impasse by proposing that the metab-
olism of epithelial cells balances microbial communities in 
the large intestine by maintaining anaerobiosis to ensure a 
dominance of obligate anaerobic bacteria belonging to the 
classes Clostridia (phylum Firmicutes) and Bacteroidia (phy-
lum Bacteroidetes).4 The concept of balance applied by the 
germ-organ theory is based on the ecological view that the 
immune system maintains homeostasis by shaping the micro-
biota to be beneficial.8 A  microbial community dominated 
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by Clostridia and Bacteroidia provides benefit because these 
microbes encode a broad spectrum of enzymes for hydrolyz-
ing different complex carbohydrates (fiber) that cannot be 
processed by host enzymes in the upper gastrointestinal tract.9 
Thus, by maintaining a dominance of obligate anaerobic bac-
teria, the colonic epithelium balances the microbiota to ensure 
the microbial community provides nutritional benefit through 
the generation of fermentation products, such as short-chain 
fatty acids, from fiber.4

Mechanistically, the host limits the amount of oxygen 
emanating from the colonic surface by polarizing the epithelial 
metabolism toward oxidative phosphorylation, which is char-
acterized by high oxygen consumption, thereby producing epi-
thelial hypoxia.10 Microbiota-nourishing immunity monitors 
the presence of a balanced microbial community by detect-
ing microbiota-derived short-chain fatty acids, which activate 
epithelial PPARγ (peroxisome proliferator-activated receptor 
gamma) signaling11 and maintain the colonic regulatory T cell 
pool.12, 13 In turn, epithelial PPARγ signaling and regulatory T 
cells cooperate to polarize epithelial metabolism toward oxida-
tive phosphorylation and mitochondrial β-oxidation of fatty 
acids to preserve epithelial hypoxia in the colon (Fig. 2).11 The 
picture emerging from these studies is that epithelial cell metab-
olism plays a key role in microbiota-nourishing immunity by 
prominently influencing the nutritional environment of resi-
dent microbes to balance the microbiota composition.

Balanced Microbial Communities Confer 
Colonization Resistance

Whereas the nutritional benefit of converting fiber into 
fermentation products only concerns the colonic microbiota, the 
ability to confer colonization resistance is a universal property 
of balanced microbial communities that applies to all host sur-
faces. Colonization resistance is acquired after birth through the 
incorporation of maternal and environmental microbes into the 
developing microbiota. Microorganisms continue to accumulate 

over time until all available nutrient-niches are occupied by a 
suitable tenant, and the microbiota reaches a balanced equilib-
rium state.14 Stable coexistence requires that each member within 
the microbial community can utilize at least one of the available 
nutrients better than any other member, a concept known as the 
nutrient-niche hypothesis.15 Importantly, priority effects make it 
difficult for an incoming microbe to unseat the occupant of a 
particular nutrient-niche,16 which explains why the vast majority 
of strains in the microbiota of healthy volunteers are resident 
for years.17 Therefore, a balanced microbiota creates a challenge 
for newly arriving microbes to establish permanent residency, as 
the best seats in the house are already taken.18 As a result of col-
onization resistance, a balanced microbiota generates resilience 
against the stress imposed by a constant environmental expo-
sure to microbes, which constitutes the main effector function 
of microbiota-nourishing immunity (Fig. 2).

Microbiota-nourishing Immunity and 
Communicable Diseases

Microbial pathogens are defined as microorganisms that 
can cause communicable diseases (also known as infectious 
diseases) because they can overcome host defenses in indi-
viduals with an intact immune system. Conventional wisdom 
holds pathogenic microbes overcome host defenses using their 
virulence factors, a view classically applied to components of 
anti-infective immunity (Fig. 1). Because one of the major 
defenses initially encountered by mucosal pathogens is col-
onization resistance, it stands to reason that some virulence 
factors of mucosal pathogens are designed to overcome micro-
biota-nourishing immunity. Consistent with this idea, recent 
work shows that virulence factors of enteric pathogens target 
host components of microbiota-nourishing immunity to create 
a new nutrient-niche that enables the pathogenic microbe to 
triumph over colonization resistance.19 As an example of this 
strategy, we will briefly discuss the pathogenesis of the murine 
pathogen Citrobacter rodentium (phylum Proteobacteria).

FIGURE 1. Our immune system employs 2 different tactics for interacting with microbes. The schematic illustrates that our immune system bears 
a resemblance to Lady Justice in that it protects our body from microbial invasion by fighting infection with one arm, while balancing host-as-
sociated microbial communities with the other. Anti-infective immunity represents the arm of our immune system that functions in detecting 
intruding microbes, such as infection with pathogens or entry of commensal microbes during injury, and generating immune responses aiding in 
the removal of the intruder from the body. Microbiota-nourishing immunity refers to a separate arm of our immune system that functions in bal-
ancing the microbiota composition to establish colonization resistance, which in turn protects the host against constant environmental exposure 
to microbes.
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Citrobacter rodentium is a member of the attaching and 
effacing (AE) pathogens, a group of luminal enteric pathogens 
that includes enteropathogenic Escherichia coli (EPEC) and 
enterohaemorrhagic E. coli (EHEC) (phylum Proteobacteria).20 
Attaching and effacing pathogens share a virulence factor, a type 
III secretion system (T3SS) that injects bacterial proteins into 
the cytosol of epithelial cells to mediate intimate attachment to 
the mucosal surface.21 Epithelial injury inflicted by C. rodentium 
triggers epithelial repair responses characterized by elongation 
of the crypts of Lieberkühn, a pathological change termed 
colonic crypt hyperplasia.22 Crypt elongation results from exces-
sive division of transit-amplifying cells, an early intermediate 
epithelial cell type that divides a finite number of times before 
terminally differentiating into mature colonic epithelial cells 
(colonocytes) or goblet cells.23 Dividing transit-amplifying cells 
obtain energy through anaerobic glycolysis, which is character-
ized by conversion of glucose into lactate even in the presence 
of oxygen,24 a process known as the Warburg metabolism.25 An 
accumulation of transit-amplifying cells during colonic crypt 
hyperplasia thus increases the amount of oxygen emanating 
from the mucosal surface, which impairs microbiota-nourish-
ing immunity by disrupting anaerobiosis in the colon. By ele-
vating oxygen availability, colonic crypt hyperplasia generates a 

new luminal nutrient-niche in which C. rodentium can expand 
by using aerobic respiration to consume microbiota-derived fer-
mentation products, such as formate.26 Through this series of 
events, C.  rodentium uses its virulence factors to create a new 
nutrient-niche to overcome colonization resistance,19 the main 
effector function of microbiota-nourishing immunity (Fig. 2).

Microbiota-nourishing Immunity and 
Noncommunicable Diseases

Medical conditions triggered by an underlying, nontrans-
missible host defect are termed noncommunicable diseases. 
Noncommunicable diseases caused by a defect in anti-infective 
immunity increase the risk for contracting opportunistic infections, 
and these diseases fit the classic definition of an immunodeficiency.27 
However, there is evidence that a weakening of microbiota-nour-
ishing immunity can also produce immunodeficiency. For example, 
antibiotic therapy impairs colonization resistance by disrupting 
the microbial component of microbiota-nourishing immunity, 
thereby rendering patients more susceptible to infection with the 
opportunistic pathogen Clostridium difficile (class Clostridia).28 
Fecal microbiota transplants can restore a balanced composition 
of our microbial organ, thereby restoring colonization resistance 
after antibiotic therapy.29 Alternatively, immunodeficiencies might 

FIGURE 2. Anti-infective immunity and microbiota-nourishing immunity in the large intestine. A balanced microbial organ converts dietary fiber 
into short-chain fatty acids, a signal processed by regulatory T cells and epithelial cells to generate epithelial hypoxia. In turn, epithelial hypoxia 
helps maintain anaerobiosis, thereby balancing the microbial organ to attain colonization resistance. The first line of defense against environmen-
tal exposure to microbes is colonization resistance conferred by microbiota-nourishing immunity, which prevents incoming microorganisms from 
gaining a foothold. When microbes are introduced into tissue—either because of traumatic injury or because virulence factors enable a pathogen to 
overcome barrier functions—the intruders are recognized by anti-infective immunity through pattern recognition. The consequent cytokine storm 
orchestrates innate and adaptive immune responses designed to remove the microbe from our body.
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be caused by impairing one of the host components of microbio-
ta-nourishing immunity. The hypothesis that the host balances the 
microbiota composition implies that dysbiosis is an expected con-
sequence of disrupting the underlying host control mechanisms.6 
Thus, dysbiosis might be a generic microbial signature of impaired 
microbiota-nourishing immunity. We will explore the validity of 
this hypothesis for ulcerative colitis, a noncommunicable disease 
associated with dysbiosis.30

Impairment of Microbiota-nourishing Immunity 
During Ulcerative Colitis

Ulcerative colitis (UC) is an inflammatory bowel disease 
(IBD) that causes chronic inflammation with lesions closely 
resembling those triggered by infection with an AE patho-
gen in a primate model.31 As discussed previously, the T3SS 
shared by AE pathogens triggers colonic crypt hyperplasia to 
increase epithelial oxygenation in a mouse model, which drives 
a luminal expansion of the facultative anaerobic C. rodentium 
(family Enterobacteriaceae).26 Similarly, ulcerative colitis is 
associated with a dysbiotic expansion of facultative anaerobic 
Enterobacteriaceae (phylum Proteobacteria).30, 32 The oxygen 
hypothesis proposes that this change in the microbiota compo-
sition reflects a disruption of anaerobiosis in the lumen of the 
large intestine during ulcerative colitis (Fig. 2).33, 34 Experimental 
support for this idea is provided by the observation that micro-
bial respiration is a metabolic signature of dysbiosis in a mouse 
model of chemically induced colitis.35 The mechanism by which 
colonic crypt hyperplasia increases epithelial oxygenation in 
a mouse model of C.  rodentium infection is an accumulation 
of undifferentiated transit-amplifying cells and a concomitant 
decline in the numbers of colonocytes and goblet cells, which 
causes a shift in epithelial metabolism from mitochondrial β-ox-
idation of fatty acids to anaerobic glycolysis.26 Consistent with 
the idea that a similar shift in epithelial metabolism occurs in 
humans, colonic epithelial cells from ulcerative colitis patients 
exhibit reduced mitochondrial β-oxidation of butyrate to car-
bon dioxide.36 Furthermore, ulcerative colitis is associated with 
a reduction in the number of goblet cells and a concomitant 
thinning of the mucus layer.37, 38 Collectively, these data support 
the idea that dysbiosis during ulcerative colitis is triggered by a 
shift in epithelial metabolism that impairs microbiota-nourish-
ing immunity by disrupting anaerobiosis in the colon (Fig. 2). 
However, additional work is needed to establish causality by 
demonstrating that epithelial dysfunction is the main driver of 
dysbiosis during ulcerative colitis in humans.

Another mechanism contributing to a dysbiotic expan-
sion of  Enterobacteriaceae during colitis is the generation 
of  nitrate in the gut lumen,39 which depends on elevated 
synthesis of  the host enzyme inducible nitric oxide synthase 
(iNOS).40 The reaction catalyzed by iNOS is the production 
of  nitric oxide from L-arginine,41 which significantly increases 
nitric oxide concentrations in colonic luminal gas of  individ-
uals with ulcerative colitis.42 Nitric oxide can react to form 

peroxynitrite, which can be further converted to nitrate in a 
reaction catalyzed by carbon dioxide.43 In mouse models of 
genetically or chemically induced colitis, an expansion of  fac-
ultative anaerobic Enterobactericeae, such as E.  coli, can be 
explained mechanistically by an increased luminal availability 
of  oxygen and nitrate.35, 40 Enterobactericeae coli uses respira-
tion to consume microbiota-derived formate, which is present 
at elevated luminal concentrations during murine colitis.35

The observation that ulcerative colitis responds to anti-
biotic therapy44 suggests that dysbiosis caused by disrupting 
microbiota-nourishing immunity can exacerbate intestinal 
inflammation. Consistent with this idea, intestinal inflamma-
tion can be moderated in mouse models by blunting an expan-
sion of  facultative anaerobic Enterobacteriaceae through 
selective inhibition of  microbial pathways for respiration and 
formate oxidation, which are operational only during epi-
sodes of  inflammation.45 Yet, the hypothesis that dysbiosis 
is caused by a disruption of  microbiota-nourishing immu-
nity suggests that an alternative strategy for rebalancing the 
microbiota would be to reverse the shift in epithelial metab-
olism observed in ulcerative colitis patients,36 thereby restor-
ing host control over the ecosystem.6 Activation of  epithelial 
PPARγ signaling promotes a differentiation of  transit-ampli-
fying cells into colonocytes,46 thus reducing crypt hyperpla-
sia.47 The idea that epithelial differentiation rebalances the 
microbiota is supported by the observation that treatment of 
ulcerative colitis patients with the PPARγ agonist mesalazine 
(5-aminosalicylic acid)48 lowers the abundance of  facultative 
anaerobic Proteobacteria in the colonic microbiota,49 which 
is indicative of  restoring anaerobiosis in the colon.19 These 
data raise the intriguing possibility that topical treatment 
of  the epithelial surface with mesalazine, a first-line therapy 
for bringing mild to moderate cases of  ulcerative colitis into 
remission,48, 50–52 restores microbiota-nourishing immunity to 
rebalance the microbiota. However, additional work is needed 
to provide direct evidence that mesalazine restores epithelial 
hypoxia to rebalance the microbiota. Targeting of  epithelial 
metabolism would explain why mesalazine is no longer effec-
tive in patients with severe acute ulcerative colitis53 because 
severe epithelial erosion, which accompanies this disease 
manifestation, eliminates the presumed treatment target.48, 52

CONCLUSIONS
The picture emerging from these studies is that ulcerative 

colitis might be an acquired immunodeficiency that is caused, at 
least in part, by an impairment in microbiota-nourishing immu-
nity (Fig. 2). Dysbiosis observed during ulcerative colitis is likely 
to be a microbial signature of epithelial dysfunction,54 which 
emerges as a promising therapeutic target for restoring micro-
biota-nourishing immunity. However, the concept of microbio-
ta-nourishing immunity might hold relevance beyond ulcerative 
colitis for a wide range of noncommunicable diseases associated 
with gut dysbiosis such as colorectal cancer,55 cancer cachexia,56 
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irritable bowel syndrome,57, 58 inflammaging,59 or necrotizing 
enterocolitis.60 A better understanding of immune mechanisms 
underlying microbiota-nourishing immunity promises to provide 
insights into the etiology of a broad spectrum of human diseases.
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